A monolayer graphene coated glass slide and an indium tin oxide (ITO) coated glass slide with a planar-aligning polyimide layer were placed together to make a planar hybrid liquid crystal (LC) cell. The free-ion concentration in the LC was found to be significantly reduced in the graphene-ITO hybrid cell compared to that in a conventional ITO-ITO cell. The free-ion concentration was suppressed in the hybrid cell due to the graphene-electrode's ion trapping process. The dielectric anisotropy of the LC was found to increase in the hybrid cell, indicating an increase in the nematic order parameter of the LC due to the reduction of ionic impurities. https://doi.org/10.1063/1.4998423
A monolayer graphene coated glass slide and an indium tin oxide (ITO) coated glass slide with a planar-aligning polyimide layer were placed together to make a planar hybrid liquid crystal (LC) cell. The free-ion concentration in the LC was found to be significantly reduced in the graphene-ITO hybrid cell compared to that in a conventional ITO-ITO cell. The free-ion concentration was suppressed in the hybrid cell due to the graphene-electrode's ion trapping process. The dielectric anisotropy of the LC was found to increase in the hybrid cell, indicating an increase in the nematic order parameter of the LC due to the reduction of ionic impurities. https://doi.org/10.1063/1.4998423
Liquid crystals (LCs) generally contain free ions, 1, 2 which are generated as impurities during the synthesis process of LCs. Other external factors, such as the LC cell's polyimide (PI) alignment layers 3 and electrodes, 4,5 can also inject free-ion impurities into the LC during the filling process. In electro-optical LC displays (LCDs), the presence of excess ionic impurities triggers several problems, such as slow responses 6 and long-term image sticking effects.
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Therefore, there exists an important research direction to understand the ion transport phenomenon in an LC and the principles governing its subsequent impacts on the LC's electrical, mechanical, and electro-optical properties. [13] [14] [15] [16] [17] [18] [19] [20] [21] Graphene (GP) 22 is a two-dimensional crystalline allotrope of carbon, where the carbon atoms are densely packed in a regular sp 2 -bonded atomic-scale hexagonal pattern. 23 GP shows high optical transmittance 24 and high conductivity due to ballistic electron transport, 25 and therefore, GP can be used as a transparent electrode in various electro-optic devices. [26] [27] [28] [29] [30] [31] In conventional LC cells, the two major components are the LC alignment layers and indium tin oxide (ITO) electrodes. The conventional LC alignment layer is a polyimide (PI)-coated surface where a unidirectional rubbing determines the nematic director profile of the LC in the cell. Here, we report the fabrication of a GP-ITO hybrid LC cell without using any additional PI alignment layer on the graphene-electrode side and show that the free-ion concentration in the hybrid cell is $70% less than that in the conventional ITO-ITO LC cell.
The conventional ITO-ITO cell (planar empty cell SA100A200uG180 with a pre-tilt angle of 1.5
, an ITO coated area of 1 cm 2 , and a spacing of 20 6 0.5 lm) was obtained from Instec, Inc. To fabricate the GP-ITO cell, a Chemical Vapor Deposition (CVD) grown monolayer GP film on a copper foil was first obtained from Graphene Supermarket, Inc. The monolayer GP from the copper foil was then transferred onto a 2.5 Â 2.5 cm 2 glass substrate using the polymethyl-methacrylate (PMMA) assisted transfer method. 32, 33 The sheet resistance of the graphene film on the glass was found to be $700 X/ٗ. An ITO coated glass slide with a planar-aligning PI substrate (from Instec, Inc.) and the GP coated glass substrate were placed together (with the GP film and the PI substrate facing each other) to make a cell with an average thickness of 21 lm. To make a comparative study, both the ITO-ITO and the GP-ITO cells were filled with E7 (T NI ¼ 60 C) liquid crystals. The planar alignment of the LC in both cells was studied by rotating the cells under a crossed polarized microscope. The LC molecules can anchor to the honeycomb pattern of GP 34, 35 or carbon nanotubes, [36] [37] [38] [39] [40] [41] [42] [43] employing the p-p electron stacking. Density-functional calculations suggest that this anchoring is reinforced with a binding energy of À2.0 eV by electrostatic energy due to a considerable amount of charge transfer from the LC molecule to the honeycomb pattern 37, 38 of the carbon atoms. Figure 1 (e) illustrates the p-p stacking interaction that arises due to the overlap of the LC's benzene rings on the GP-honeycomb structure. The LC can achieve a uniform planar-aligned state over a large-scale dimension on GP 28, 44, 45 due to this strong p-p stacking interaction. [46] [47] [48] [49] Therefore, the GPelectrode at one side of the GP-ITO cell can function concurrently as the LC alignment layer as well. The GP-ITO LC cell is schematically presented in Fig. 1(f) . Similar to the conventional cell, Figs. 1(g) and 1(h) present the micrographs of the LC in the GP-ITO cell, wheren is at 45 (bright) and 0 (dark), respectively, with respect to the polarizer. These micrographs confirm the planar alignment of the LC in the GP-ITO cell. Figure 1(i) shows the picture of the GP-ITO cell. To achieve a good electrical contact on the GP surface, an electrically conductive silver epoxy was used as a solder replacement to prevent the GP film from breaking away from the glass slide.
On a single graphene crystalline domain, the LC molecules can assume three different orientations separated by 60 disclination lines due to the hexagonal symmetry of the graphene crystal. 46 The presence of a PI alignment layer at one side of the cell reduces this three-fold degeneracy of the planar orientation of the LC on graphene, and consequently, the LC gains a uniform homogeneous alignment over a large-scale dimension. Using the graphene-electrode (without PI layers) at both sides generates defect-like texture, which results from this alignment degeneracy of LC on graphene. 28 Therefore, we have used the hybrid cell instead of the graphene-electrode at both sides.
The presence of free ions in E7 in the conventional ITO-ITO cell and the hybrid GP-ITO cell was measured by detecting the ion-bump 13, 50 in a transient current generated by inverting the voltage across the cell. The nematic phase of an LC shows dielectric anisotropy, De, and experiences a torque proportional to De E 2 (Ref. 51) in an external electric field E. Thus,n can rotate from the planar to homeotropic configuration above some critical E. This reorientation process depends on the magnitude of E and not on its sign. Therefore, when a constant square wave is applied across a nematic LC cell (i.e., the voltage is inverted at opposite electrodes), the LC molecules do not rotate. However, positive and negative ions in the LC cell are initially separated at opposite electrodes. After the voltage is inverted, the ions start to move towards the opposite electrodes in response to E, causing an ion current, I ion , in the cell. When the positive and negative ions meet approximately at the middle of the cell, I ion reaches its peak value at peak time,
, where l is the mobility. 13, 50 Finally, I ion drops to zero when the positive ions reach the negative electrode and the negative ions reach the positive electrode of the cell. The total ion transport in the cell can then be calculated by taking the area under the I ion vs. time curve. A square wave of 30 V at 1 Hz was applied using an Automatic Liquid Crystal Tester (Instec, Inc.) to detect I ion for the two cells. The ion concentration, n i (C m À3 ), was obtained using the cell's known dimensions. Several reports in the literature show that the presence of carbon nanomaterials, such as carbon nanotubes, 52-54 graphene, 49, [55] [56] [57] [58] [59] and fullerenes, 52, 60, 61 in the LC can significantly reduce the free-ion concentration by the ion-trapping process. In our experiment, the GP-electrode is directly exposed to the LC, as there is no polyimide alignment substrate on GP. Therefore, the GP-electrode traps a significant amount of free ions and reduces the free-ion concentration in the GP-ITO hybrid cell. The ion-trapping process is schematically presented in Fig. 1 . The ITO-ITO cell in Fig. 1(a) shows the presence of free ions (both positive and negative) in the LC media. The GP-ITO cell in Fig. 1(f) shows the trapped ions on the GP-electrode, and therefore, fewer ions are present in the LC media.
In another direction, the presence of guest/foreign particles generally introduces disorder in the nematic matrix, decreasing the scalar order parameter, S(T). 62 Free ions also act as foreign charged particles, which are present as impurities in the LC. Therefore, the diminished presence of free ions is expected to increase S(T) in the nematic phase. The nematic phase shows dielectric anisotropy, De ¼ e jj -e ? , where e jj and e ? are the dielectric components parallel and perpendicular ton, respectively. An LC's De / S(T), 51 and therefore, an enhancement in De indicates an improvement in the orientational order parameter.
We have determined the dielectric behavior of E7 as a function of E, at 1000 Hz, in both the cells by the capacitance measurement technique 63 using an Automatic Liquid Crystal Tester (Instec, Inc.). Figure 3(a) shows the dielectric constant, e, as a function of E at T ¼ 30 C for both the cells. This shows a typical Fr eedericksz transition. Clearly, the LC in the GP-ITO hybrid cell exhibits a higher De due to the presence of fewer ionic impurities. Figure 3(b) shows that De for E7 remains higher in the GP-ITO hybrid cell in the entire nematic phase. The results suggest that the free-ion reduction improves the orientational order in the LC.
To summarize, we have experimentally demonstrated that in the GP-ITO hybrid cell, the free-ion concentration in E7 is suppressed significantly due to the ion-trapping process by the GP-electrode. This result is important for purifying LCs from excess ions without additional chemical synthesis. The reduction of ionic impurities also leads to a higher De of E7 in the hybrid cell. It is expected that the birefringence of the hybrid cell will also change due to the improved orientational order in the LC. Therefore, our future work involves a systematic study of the birefringence of the LC in the hybrid cell as a function of electric field and temperature. 
